Understanding the interaction between nanoparticles (NPs) and cell membranes is crucial for the design of NP-based drug delivery systems and for the assessment of the risks exerted by the NPs. Recent experimental and theoretical studies have shown that cell membranes can mediate attraction between NPs and form tubular structures to wrap multiple NPs. However, the cooperative wrapping process is still not well understood, and the shape effect of NPs is not considered. In this article, we use largescale coarse-grained molecular dynamics (CGMD) simulations to study the cooperative wrapping of NPs when a varying number of NPs adhered to the membrane. Spherical, prolate and oblate NPs of different sizes are considered in this study. We find that, in addition to tubular structures, the membrane can form a pocket-like and a handle-like structure to wrap multiple NPs depending on the size and shape of the NPs. Furthermore, we find that NPs can mediate membrane hemifusion or fusion during this process.
Introduction
With the development of nanotechnology, nanoparticles (NPs) have become one of the promising vehicles for targeted drug delivery. 1 Transport of NPs into cells is critical to the efficiency of drug delivery systems. 2 Also, exposure of our body to NPs can pose biosafety problems. 3, 4 Therefore, there is an urgent need for a better understanding of the interaction between NPs and cell membranes. 5 At present, a large number of experimental and theoretical studies have demonstrated that the size, [6] [7] [8] [9] [10] shape, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] orientation, [21] [22] [23] [24] [25] [26] stiffness, [27] [28] [29] [30] [31] and surface properties [32] [33] [34] [35] of NPs will affect the cellular uptake of NPs. Recent experimental studies have shown that when the radius of the NPs is less than 15 nm, a group of NPs can be internalized by cells or polymersomes as a whole. [36] [37] [38] Simulation results show that lipid membranes can mediate attraction between spherical NPs, 39, 40 and drive the linear aggregation of adsorbed NPs on the lipid membrane, 41, 42 which further initiates the formation of a membrane tube to wrap multiple NPs when increasing the binding constant between the NPs and the cell membrane. 43, 44 Theoretical analysis shows that the energy gain for cooperative wrapping of NPs in membrane tubes is larger than individual wrapping of NPs. 45, 46 However, cooperative wrapping of NPs is still far from being fully understood. [43] [44] [45] [46] [47] [48] [49] The present theoretical analysis only obtains the system energy of different wrapping phases and lacks the dynamic process of cooperative wrapping. 50 In particular, it cannot capture the membrane structure transition when the number of NPs gradually increases. In addition, there are few studies focused on the cooperative wrapping of NPs of various shapes. For prolate NPs, theoretical analysis indicates that cooperative wrapping in membrane tubes is highly stable compared to individual wrapping. 46 However, the tubular structure needs to wrap at least one strongly curved tip of the prolate NPs, which is highly unfavorable from the viewpoint of energy. This barrier may prevent the formation of the tubular structure. In fact, experimental and theoretical studies have shown that local geometrical properties such as the local mean curvature of NPs would significantly affect the wrapping behavior of lipid membranes on NP surfaces. 11, 25, 51 For example, the local mean curvature of NPs at the point of initial contact with macrophages determines whether the cells internalize or simply spread on NPs. 11 For oblate NPs, Weikl et al. predicted that the membrane forms a tubular structure, in which the more strongly curved edges of the neighboring NPs face each other, to wrap multiple NPs. 45 Such a tubular structure does not exhibit rotational symmetry, thereby it has not been studied before. In this article, we carry out large-scale coarse-grained molecular dynamics (CGMD) simulations to investigate cooperative wrapping of multiple NPs of various shapes by lipid membranes. Molecular dynamics (MD) simulations have successfully reproduced the particle size effect, shape effect and stiffness effect during the cellular uptake of NPs. 10, 19, 30, [52] [53] [54] [55] The orientation changes of NPs during the internalization process have also been captured by MD simulations. 21, 23, 24 Here, we adopt the solventfree coarse-grained lipid membrane model developed by Deserno et al., which allows us to explore a lipid membrane system with length scales of hundreds of nanometers and timescales of milliseconds. 56, 57 We investigate cooperative wrapping when a varying number of NPs adhered to the membrane, and focus on the size and shape (spherical, prolate, and oblate NPs) effects during this process.
Model and methods
We adopted the solvent-free lipid membrane model developed by Deserno et al. to model a large piece of lipid membrane efficiently, with which lipids can assemble into a fluid membrane without water. 56, 57 Using this model, we can simulate a lipid membrane with hundreds of nanometers, which is beyond the capacity of explicit solvent lipid models now. 48, 50 Each lipid molecule is represented by one hydrophilic head bead and two hydrophobic tail beads, as shown in Fig. 1a . In the snapshots, the hydrophilic head and hydrophobic tails are shown in red and cyan. Such a model has been successfully applied to investigate the aggregation and vesiculation of membrane proteins adsorbed on the membrane. 39 The interaction between the different beads is described in the ESI. † The initial box size was 150s Â 150s Â 150s (s is the unit of length), and a periodic boundary condition was applied in the simulation. The membrane was composed of 40 504 lipids and was located in the xy-plane. We used a Nose-Hoover barostat to control the system pressure at 0.001e/s 3 (e is the unit of energy)
in the x-and y-dimensions with a stress damping parameter of 10t (t is the unit of time), and the pressure components in the x-and y-dimensions were coupled, while the height of the box (z-dimension) was kept constant. 39, 51, 58 Through this method, we obtained a lipid membrane with a constant membrane tension, which is about 1.9 Â 10 À2 pN nm À1 (ESI †). We utilized the velocity-Verlet algorithm to perform time integration, and a Langevin thermostat to control the system temperature at k B T = 1.1e with a friction constant G = t À1 , where k B is the Boltzmann constant and T is the temperature. The integration time step was dt = 0.01t, where t ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi ms 2 =e p is the units of time with m the bead mass, and t is about 10 ns. All simulations were implemented with the LAMMPS package. 59 The shape of NPs is defined by the equation 
We constructed a group of NPs with an AR from 0.5 to 3 and D or D v from 6s to 10s (Fig. 1b and Fig. S1 , ESI †). The surface bead density of all the NPs is 1.767/s, and the mass of all the beads is 1.0m. The interaction between NPs and lipid membranes is described by the Lennard-
, where a is the interaction strength and is set as a = 1. The individual NP is constrained as a rigid body during the simulation. At the beginning of each simulation, one NP is placed 2s above the equilibrated lipid membrane. Typically, a simulation time of 240 000t is sufficient to obtain a stable NP-membrane structure. For some cases (for example, oblate NPs with D v values of 8s and 6s), if the system configuration changes significantly in the second half of the simulation, we will extend the simulation time accordingly. After obtaining a stable system configuration, we add another NP to the system, not far from the previously formed membrane-NP structure. Using this method, we can add NPs to the system continuously and obtain the membrane structure wrapping different numbers of NPs. We add up to 10 NPs to the system and observe the dynamics of their interactions. In addition, we also compare these results with the cases when we add multiple NPs to the system simultaneously.
In this article, we obtain the wrapping fraction of NPs by the lipid membrane. The wrapping fraction is defined as follows: the total number of beads in one NP is N t , the number of beads that are within 1.3s of any lipid is N w , and the wrapping fraction f is f = N w /N t .
Results and discussion

Wrapping of multiple spherical NPs
Spherical NPs are the first generation of NPs used as drug delivery vectors. In this article, we first study the interaction between spherical NPs of different sizes and lipid membranes. 
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We fixed the interaction strength at a = 1, and changed the diameter of the spheres from 6s to 10s. To illustrate the implication of this adhesion strength, we obtained the wrapping fractions of individual spherical NPs as a function of the adhesion strength (Fig. S2 , ESI †). The general trend is that the wrapping fraction increases with increasing adhesion strength. Meanwhile, the wrapping fraction increases slowly with the adhesion strength a when a is small, then the wrapping fraction increases significantly for intermediate a values, and finally the wrapping fraction increases slowly again for large a values until the NPs are completely wrapped by the lipid membrane. These results are quite consistent with the theoretical predictions by Weikl et al., in which the effect of the potential range of the NP-membrane interaction is taken into account. 45 With the adhesion strength fixed at a = 1, the wrapping processes of the NPs are displayed in Fig. 2 , and the interaction energy profiles are shown in Fig. S3 (ESI †). It is shown that the membrane would form different membrane structures to wrap multiple NPs, which is governed by the interplay of bending and adhesion energy.
As shown in Fig. 2a , spherical NPs with a diameter of 10s can be internalized by the lipid membrane rapidly and detached from the membrane. The kinetics of endocytosis is similar to that of recent molecular simulation studies. 10, 14, 51 When the diameter of the spherical NPs is reduced to 8s, individual NPs cannot be completely wrapped by the lipid membrane, and the wrapping fraction of the NPs is about 0.85 ( Fig. 2b and 3a) . These results are consistent with the size effect of the cellular uptake of NPs found in recent experimental and theoretical studies. [6] [7] [8] [9] [10] Partial wrapping is due to the long-range attraction potential adopted here to describe the interaction between NPs and the lipid membrane, whose range (2.5s) is comparable to the size of the NPs. And the partial wrapping state occurs from a subtle interplay of bending and adhesion energies in the region where the membrane detaches from the NPs. 45 In order to investigate cooperative wrapping of NPs, we added another NP to the simulation system, as shown in Fig. 2b . We find that the two NPs are gathered together and wrapped by a tubular membrane. The wrapping fraction of the second NP is 0.77, while that of the first NP is slightly increased to 0.9 ( Fig. 3a) . We observe the same tubular structure when more NPs are added to the system. This phenomenon is consistent with the recent theoretical and Monte Carlo simulation results that the lipid Next we continue to reduce the diameter of the spherical NPs to 6s. The wrapping fraction of an individual NP (NP1) is reduced to 0.51 ( Fig. 2c and 3a) , and the fraction increases to 0.63 when the second NP (NP2) is added to the system ( Fig. 2c  and 3b ). The increased wrapping fraction of the NPs clearly demonstrates the cooperative effect in cellular uptake. When the third NP (NP3) is added to the system, the three NPs are brought into close contact with each other, and the distance between them is about 7s (Fig. 4a) . Moreover, the wrapping fraction of NP2 increases to 0.83 ( Fig. 2c and 3c) , an increase of 63% compared to the case of individual wrapping. When the fourth NP (NP4) is added, it will approach NP3, meanwhile NP3 will leave NP2 (Fig. 4b) , and finally the lipid membrane will form a pocket-like structure to wrap these four NPs (Fig. 2c) . Furthermore, the lipid membranes on both sides of the NPs are hemifused together to increase the wrapping fraction of the NPs (Fig. S4, ESI †) ; the hemifusion area is marked by a black ellipse in Fig. 2c and is analyzed in the ESI, † Fig. S5 . Hemifusion occurs because the adhesion between the NPs and the membrane leads to the spread of the membrane on the surface of the NPs, which would reduce the distance between the membrane patches, thereby facilitating membrane hemifusion. Meanwhile, the local membrane tension and high curvature of the membrane in the contact front may promote membrane hemifusion during this process. 60, 61 NP-mediated membrane fusion is a novel discovery, 62, 63 and it is worth using all-atom MD simulations and carefully designed experiments to confirm our findings. As more NPs are added to the system, the area of membrane hemifusion increases, and the pocket-like structure grows. Unlike the spherical bud model proposed by Wang et al., 47 the pocket-like structure does not have rotational symmetry, and all the NPs are distributed in the same plane. The pocket-like structure (or loop structure) has also been observed transiently in Monte Carlo simulations as the organization of the NPs changed from linear aggregation to tubular protrusion. 44 The energy barrier during this transition process is easily overcome in the Monte Carlo simulation, because the overall system adhesion energy gain can compensate for the local bending energy cost. However, in our MD simulations, the molecular details of the membrane have been considered. For NPs with a diameter close to the membrane thickness, the bending energy would increase drastically when the NPs are View Article Online wrapped in depth. The interplay of bending and adhesion energies causes the NPs to be wrapped only to a certain extent, thus such a structure is kinetically trapped in the simulation. When the eighth NP is added to the system, the pocket is tightened and the uppermost two NPs will be wrapped by a tubular membrane structure (Fig. 2c) . The tubular structure will continue to grow as more NPs are added. In general, the size effect in wrapping of multiple NPs by the lipid membrane is obvious, which has also been observed in the Monte Carlo simulations. 44 Due to the consideration of the molecular details here, we also captured the occurrence of membrane hemifusion. We also study the case when multiple NPs are added to the system simultaneously for comparison. For spherical NPs with a diameter of 10s, depending on the separation of the NPs, the two NPs may be cooperatively or individually wrapped by the lipid membrane (Fig. S6, ESI †) . For small spherical NPs (D = 8s), the membrane forms tubular structures to wrap multiple NPs, and sometimes several NPs can be completely wrapped by the membrane tube and detached from the membrane (Fig. S7a, ESI †) . For smaller spherical NPs (D = 6s), when four NPs are added simultaneously, the membrane forms a pocket-like structure to wrap these NPs, similar to the case when the NPs are added one by one (Fig. S7d, ESI †) . When six or nine NPs are added simultaneously, the membrane forms a handle-like structure to wrap these NPs, in contrast to the pocket-like structure when the NPs are added one by one (Fig. S7e and f, ESI †) .
Wrapping of multiple prolate NPs
Usually, prolate NPs are more difficult than spherical NPs to be fully wrapped. 17 Here we first consider three prolate NPs with an AR of 3 but of different sizes. 
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A single prolate NP with a D v of 10s cannot be completely wrapped by the lipid membrane, one tip of which is uncoated ( Fig. 5a and Fig. S8, ESI †) . In fact, the mean curvature at the tips of the prolate NPs is quite large and the corresponding energy consumption by membrane wrapping is relatively high, which impedes the attachment of the membrane and the subsequent fission of the membrane neck. 64 When another NP is added to the system, the lipid membrane forms a tubular structure to wrap the two NPs, which agrees well with previous theoretical predictions. [43] [44] [45] [46] Adding more NPs to the system does not change the cooperative wrapping manner, but only increases the length of the tubular structure (Fig. 5a) . The wrapping fraction of the NPs is about 0.96 (Fig. 6a and Fig. S9, ESI †) . For a small single prolate NP (D v = 8s), it lies flat on the surface of the membrane with a wrapping fraction of 0.65, and the major axis of the NP is parallel to the membrane (Fig. 5b) . The NP cannot rotate itself and be wrapped further because the adhesion energy is insufficient to compensate for the bending energy cost at the tip of the NP. 22, 23, 25 When the second NP is added to the system, the two NPs gather together and the wrapping fraction of NPs increases to 0.89 ( Fig. 5b and 6b) . Meanwhile, the lipid membrane is hemifused, and the hemifusion area is marked by a black ellipse in Fig. 5b . When the third NP is added, the membrane is fused together and the fusion area is separated from the membrane, and the lipid membrane forms a handle-like structure (a curved membrane tube, both ends of which are connected to the membrane) to wrap the three NPs. The wrapping fraction of the NPs is even increased to 0.93 (Fig. S10, ESI †) . As more NPs are added to the system, the length of the handle increases and the cooperative wrapping manner does not change (Fig. S11, ESI †) . For a smaller single prolate NP (D v = 6s), it adheres to the membrane surface with a wrapping fraction of 0.53 ( Fig. 5c and  6a) . When the second NP is added to the system, the two NPs linearly aggregate together and the wrapping fraction of the NPs increases to 0.73 ( Fig. 5c and 6c) . In fact, for these very small prolate NPs, wrapping the strongly curved tips is highly energetically unfavorable (Fig. S12, ESI †) . When the third NP is added, the lipid membrane forms a pocket-like structure to wrap the three NPs, the wrapping fraction of which is further increased to 0.86 and 0.89 (Fig. S13, ESI †) . The presence of multiple NPs significantly increases the wrapping fraction of the NPs, which again confirms the cooperative effect in wrapping of the NPs by the lipid membrane. In addition, the lipid membrane is not fused during this process. As more NPs are added, the pocket becomes deeper to accommodate more NPs (Fig. 5c) . When the ninth NP is added, the pocket is tightened and the NP is in the seal. When the tenth NP is added, the uppermost two NPs will be wrapped in a tubular membrane, which is similar to the case of spherical NPs with a diameter of 6s, except that the inside of the pocket is hollow. As more NPs are added, we speculate that the tubular membrane portion will grow and the NP will fill inside it.
We also investigated the interaction between prolate NPs with an AR of 2 with the lipid membrane ( Fig. S14 and S15 , ESI †). For NPs with D v values of 10s and 8s, the cooperative wrapping manner of the NPs is similar to that of the NPs with an AR of 3. For NPs with a D v of 6s, the lipid membrane is hemifused when they form a pocket-like structure to wrap multiple NPs. Therefore, depending on the size of the NPs, the lipid membrane will form a tubular structure, a handle-like structure or a pocket-like structure to wrap them. We also study the case when multiple prolate NPs (AR = 3) are added to the system simultaneously (Fig. S16, ESI †) . The results show that the membrane forms pocket-like structures to wrap multiple NPs with D v values of 8s and 6s. Thus, the order in which the NPs are added may affect the final NP-membrane complex structure; however, the cooperative effect is common for these NPs.
Wrapping of multiple oblate NPs
Similar to prolate NPs, we first consider three oblate NPs with an AR of 0.5 but of different sizes. Single oblate NPs with a D v of 10s can be fully wrapped by the membrane (Fig. 7a, 8a and Fig. S17a, ESI †) . The internalization process is accompanied by orientation changes of the NPs, which is consistent with the previous theoretical prediction and numerical simulations. 22, 51 For a small single oblate NP (D v = 8s), it lies flat on the membrane and the wrapping fraction of the NP is 0.55 ( Fig. 7b  and 8a ). When the second NP is added to the system, they gather together, rotate, and the curved edges face each other. The wrapping fraction of the NPs increases to 0.89 (Fig. 8b) . When more NPs are added, the lipid membrane forms a tubular structure to wrap these NPs, and the wrapping fraction can even reach 0.94 (Fig. S18, ESI †) .
For a smaller oblate NP (D v = 6s), the wrapping fraction of an individual NP is 0.52 ( Fig. 7c and 8a) . When the second NP is added to the system, the two NPs approach each other several times and eventually move away from each other (Fig. S19, ESI †) .
The wrapping fraction of the NPs is still 0.52 (Fig. S20a, ESI †) . When the third NP is added, they will linearly gather together, and the wrapping fraction of the NPs does not change (Fig. S20b  and S21 , ESI †). However, after the addition of the fourth NP, we do not find it to be clustered with the other three NPs during our simulation time (Fig. S22, ESI †) . When the fifth NP is added, we even find that four of the NPs are isotropically clustered together (Fig. S23, ESI †) . We speculate that the attraction of oblate NPs mediated by the lipid membrane is weaker than that of spherical NPs, which causes the NP to leave the cluster under thermal fluctuation. When the sixth NP is added, all NPs linearly View Article Online aggregate together again (Fig. S24, ESI †) . So far, the wrapping fraction of the NPs has remained at 0.52 ( Fig. S20 , ESI †). When the seventh NP is added, all NPs first linearly gather together, then all NPs rotate almost simultaneously from lying flat on the membrane surface to an erect position, and finally the membrane forms a pocket-like structure to wrap all these particles ( Fig. 7c and Video S1, ESI †). Meanwhile, the interaction energy between the NPs and the membrane decreases drastically (Fig. S17 , ESI †), and the wrapping fraction of the NPs increases to 0.92 (Fig. 8c) . As more NPs are added, the pocket becomes deeper (Fig. 7c) . Note that we have added up to 15 NPs to the system, and we did not find pocket tightening during our simulation.
We also consider oblate NPs with an AR of 0.75 ( Fig. S25 and S26, ESI †). For NPs with a D v of 10s, they can also be fully wrapped by the lipid membrane. For NPs with a D v of 8s, the membrane forms a tubular structure to wrap multiple NPs. For NPs with a D v of 6s, when the number of NPs is not more than 7, the lipid membrane forms a pocket-like structure to wrap the NPs; when the number of NPs exceeds 7, the lipid membrane forms a tubular structure over the pocket structure to wrap these NPs (Fig. S25, ESI †) . When multiple oblate NPs (AR = 0.5) are added to the system simultaneously (Fig. S27 , ESI †), we found that the membrane prefers to form pocket-like structures to wrap multiple NPs with D v values of 8s and 6s.
Conclusions
In summary, through large-scale CGMD simulations, we have studied the cooperative wrapping of NPs with different sizes and shapes by lipid membranes. Our simulations vividly show the cooperative wrapping process of NPs, and clearly show that the wrapping fraction of the NPs increases significantly when multiple NPs are present in the system. For spherical NPs, large individual NPs (D = 10s) can be completely wrapped by the lipid membrane, while several small NPs (D = 8s) will be wrapped in a tubular membrane structure, and multiple smaller NPs (D = 6s) are wrapped in a pocket-like membrane structure.
For prolate NPs, a single large NP (D v = 10s) cannot be completely wrapped by the lipid membrane, one tip of which is not wrapped due to the large curvature. A group of small NPs (D v = 8s) will be wrapped in a handle-like membrane structure, and smaller NPs (D v = 6s) are wrapped in a pocket-like membrane structure. For oblate NPs, a single large NP (D v = 10s) can be completely wrapped by the lipid membrane, and a group of small NPs (D v = 8s) will be wrapped in a tubular membrane structure, while smaller NPs (D v = 6s) are wrapped in a pocket-like membrane structure. At the same time, we find that NP-mediated membrane hemifusion or fusion occurs for different shapes of NPs during the simulation, which is worth further study. Our results can be used to design NPs for drug delivery in nanomedicine, as well as to understand the toxicity mechanism of NPs to environment and human beings.
